Introduction
Power frequency electromagnetic field (PFEMF) of 50-60-Hz, a type of non-ionizing radiation generated by household appliances, transmission lines, and transformers, belongs to the category of extreme-low frequency electromagnetic fields (ELF-EMF) (3-300 Hz). Although PFEMF differs from radiofrequency, which was suggested to be possibly carcinogenic to humans by the World Health Organization (WHO) in 2014, concerns regarding the potential effects of PFEMF on human health have been widely debated in the past decades. This debate has been stimulated by epidemiological studies indicating a relationship between ELF-EMF and various types of cancer (1) (2) (3) (4) . Additionally, arguments supporting both no significant (5) and significant (6, 7) health risks have led to increased apprehension owing to the lack of sufficient mechanistic understanding regarding the biological effects of PFEMF (8) .
The only endpoint studied in sufficient detail with respect to the relationship between PFEMF and cancer concerns childhood leukemia, which is the most frequent childhood malignancy and peaks in the age group of 2-to 5-year-olds. Most cases consist of acute lymphocytic leukemia or acute myeloid leukemia; conversely, chronic leukemias are rare in children. Evidence also suggests that childhood leukemia is tightly associated with PFEMF exposure during pregnancy or early life and risk estimates reach statistical significance at exposure levels of 0.3-0.4 µT (9) (10) (11) (12) . Notably, childhood cancers aside from leukemia such as brain and nervous system tumors have not been studied in sufficient detail to draw conclusions regarding the existence and magnitude of the potential risks associated with PFEMF (13) . Furthermore, to date, no mechanism by which ELF-EMFs or other types of radiofrequency radiation might cause cancer has been identified.
Chemokines belong to a family of small cytokines, 8-10 kDa in mass, that are secreted by cells. Chemokines function as chemotactic cytokines to induce the directed migration of leukocytes after interacting with their corresponding receptors, a process termed chemotaxis (2) . Based on their structure, chemokines can be classified into four highly conserved groups: CC, CXC, C, and CX 3 C. More than 50 chemokines and at least 18 chemokine receptors have been identified (14) . In addition, many chemokines are pro-inflammatory and can be induced during an immune response to recruit cells of the immune system to a site of infection. Strong evidences have indicated that complex networks of chemokines and their receptors play diverse roles and influence the development of primary cancers and metastases (14) (15) (16) (17) (18) (19) (20) . In particular, the levels of a CC chemokine, CCL18, have been shown to be correlated with the incidence of childhood leukemia, and thus this chemokine has been proposed to act as a diagnostic marker (19, 21) . In adult leukemia, higher expression levels of the chemokine receptor CCR4 have also been found to indicate poor prognosis (15) . CCL2-triggered chemokine cascade in macrophages promotes metastatic seeding of breast cancer cells thereby amplifying the extant pathology (17) . Furthermore, chemokines are not only associated with the occurrence of cancer but also determine the metastatic capabilities of primary cancer together with integrin molecules (18, 20) .
The purpose of this study was to investigate whether exposure to PFEMF might dysregulate the circulating chemokine levels in serum, which we considered might serve as a prerequisite for establishing a relationship between the occurrence of malignancy and PFEMF exposure. We divided mice into groups and treated them with different doses of a magnetic field (0.1 mT to represent public exposure, 0.5 mT for occupational exposure, and 2.5 mT for unusually strong exposure) for 8 h every day. The serum of the treated animals was collected at different time points (0, 1, 10, 30, and 90 days) and subjected to chemokine assays using the Luminex technique (22) to determine the presence of chemokine induction by PFEMF. Evidence supporting the potential pro-inflammatory nature of power frequency may shed light on the mechanisms of PMEMF-induced diseases, including cancer.
Materials and methods
Animals. The present study was approved by the Institutional Animal Care and Use Committee (IACUC) of Southern Medical University (Approval code: L2016103; 13 September 2016). They are in accordance with the guidelines of the Asian Federation of Laboratory Animal Science Associations (AFLAS) and the National Regulations for the Administration of Affairs Concerning Experimental Animals (8 January 2011). All animals were purchased from the experimental animal center of Southern Medical University and treated in accordance with standard guidelines for the care and use of laboratory animals. Male Balb/c mice weighing 17.05±0.2 g at the time of the experiments were housed at 25˚C and 50-60% relative humidity in cages under a 12-12 h light/dark cycle, with free access to food and water. The mice were divided into groups and exposed to different dosages of magnetic field (0.1, 0.5, and 2.5 mT with 50 Hz, 8 h/day) for different numbers of consecutive days (0, 1, 10, 30, and 90 days). Out of 100 animals in each group, 20 were randomly chosen and weighed every other day.
Exposure system. The exposure system was assembled by Lioncel (Shanghai, China) and was composed of a TSGC2J-60KVA contact type voltage regulator (Goodyi, Shanghai, China) and a model MFA-201C magnetic antenna (Lioncel). The transformer was used to provide electric current to the Helmholtz-type coils for generating the magnetic field, and the homogenous region of which was 0.4x0.4x0.4 (m) with harmonics below 1.0%. The PFEMF was measured inside the cage and kept constant, independent of the position. As 'on-off' switching operations induce high-frequency transient EMFs that may lead to biological effects, we always switched on the system, waited for at least 1 min to ensure the absence of transients, and then placed the cages in the coils with mechanical assistance. The whole equipment assembly and cage placement was depicted in Fig. 1A .
Exposure procedure. The exposed groups (n=100 for each dosage of 0.1, 0.5, and 2.5 mT) and equal number mice of control group were housed in standardized cages (10 mice per cage); all cages were placed in the same room. In order to simulate the working and living environmental conditions, the PFEMF exposure group was exposed to EMF of 50 Hz at 0.1, 0.5, or 2.5 mT (rms), as determined by a gaussmeter (PMM 8053B; NARDA Safety Test Solutions, Italy), for 8 h per day for 0, 1, 10, 30, and 90 consecutive days. Exposed animals were compared with sham-exposed controls derived from the same source and simultaneously handled and assessed in the same manner, except for the presence of the EMFs. The animals were weighed every other day using an electronic balance.
Serum collection. At the planned time points, blood was harvested from the retro-orbital plexus after the mice were anesthetized using diethyl ether. The serum samples were collected as described previously (23) . The blood samples were incubated at 4˚C for 3-4 h to allow clotting and then centrifuged at 2,500 g at 4˚C for 10 min. Isolated serum (approximately 300 µl) was preserved at -80˚C for further analysis. For each dosage-time point, at least 20 serum samples were collected. The mice were euthanized by cervical dislocation to prevent suffering after blood sampling. The Southern Medical University Animal Care and Use Committee approved all procedures involving the mice.
Chemokine assay. The concentrations of chemokines were detected using a ProcartaPlex ® Multiplex Immunoassay Chemokine Panel 1 [(eBioscience; Thermo Fisher Scientific, Inc., Waltham, MA, USA), 9 plex, including EOTAXIN-1 (CCL11), GROα (CXCL1), IP-10 (CXCL10), MCP-1 (CCL2), MCP-3 (CCL7), MIP-1α (CCL3), MIP-1β (CCL4), MIP-2 (CXCL2), and RANTES (CCL5)] via the Luminex technique. For each dosage-time point, 4 serum samples were used for the Luminex assay, and their chemokine concentrations were averaged as the final concentration of that dosage-time point. This assay was performed following the manufacturer's instructions. The evaluation of the inter-assay coefficients of variation is described in Table I .
Enzyme-linked immunosorbent assay (ELISA).
The concentrations of EOTAXIN-1 and MCP-1 were measured using mouse CCL2/MCP-1 and CCL11/Eotaxin ELISA kits (MultiSciences, Shanghai, China), respectively, to verify the levels of the two chemokines in serum. The tests were performed according to the manufacturer's instructions for each kit. Density values for unknown samples were assessed using the standard curve for each analyte to calculate actual values in pg/ml. The minimum detectable dose of CCL2 was 20.54 pg/ml and that of CCL11 was 0.73 pg/ml.
Statistical analysis. IBM SPSS statistics v.20 software (IBM Corp., Armonk, NY, USA) was used for data analysis. All observations were tested for normality using the Kolmogorov-Smirnov test and for homogeneity of variance using Levene's test. Factorial analysis of variance followed by Dunnett's post hoc test was used for comparisons between experimental and controls groups for mouse weight and chemokine levels (all statistical tests performed were two-sided). The results are expressed as the mean ± standard error (SE). P<0.05 was considered to indicate a statistically significant difference.
Results

PFEMF exposure does not lead to significant change of body weight.
In order to simulate the working and living environmental conditions, the animals were exposed to EMF of 50 Hz at 0.1, 0.5, or 2.5 mT, for 8 h per day for 0, 1, 10, 30, and 90 consecutive days. For the control group, the initial and final body weight averages were 17.1±0.6 and 30.4±0.2 g, respectively; for the 0.1 mT group, the respective values were 17.2±0.4 and 29.4±0.6 g; for the 0.5 mT group, the respective values were 17.1±0.5 and 29.4±0.4 g; and for the 2.5 mT group, the respective values were 16.9±0.4 and 27.8±0.2 g. N=20 for each group. Although the treated groups show slight decreases compared with the control group overall, no significant difference was detected. From these results, we concluded that PFEMF exposure did not cause a significant alteration in body weight (Fig. 1B) .
PFEMF exposure induces specific circulating chemokines in mice. To investigate the relationship between alteration of chemokine concentration in serum and exposure to PFEMF, we determined the circulating chemokine concentration in serum using the Luminex technique after 0, 1, 10, 30, and 90 days of PFEMF exposure. The levels of some of the assayed chemokines, e.g., MCP-3, MIP-1α, MIP-1β, and MIP-2, in the serum were not significantly influenced by PFEMF exposure (Table II; Fig. 2A) . Conversely, statistical analysis showed that different dosages of PFEMF treatment may have caused significant variations in the levels of several chemokines including IP-10, GROα, RANTES, EOTAXIN-1, and MCP-1. Among them, IP-10, GROα, and RANTES showed a response to only one of three doses, whereas levels of EOTAXIN-1 and MCP-1 were significantly increased by PFEMF exposure of 0.5 mT alone (Table II; Fig. 2A ). Beyond the initial induction response during the first 10 days of exposure, the medium and high dose (0.5 and 2.5 mT) led to the upregulation of MCP-1 and this trend was maintained for three months (Day 30 to Day 90) (Table II; Fig. 2B ). For EOTAXIN-1 , all of the three tested doses caused a drastic induction of EOTAXIN-1 levels in the serum at the beginning of treatment, whereas 
Control I (low values)
Control II (high values) EOTAXIN-1 levels returned to normal at day 10 for both the 0.1 and 2.5 mT treatments. However, 0.5 mT exposure led to consistent upregulation of EOTAXIN-1 following the initial induction response (Table II ; Fig. 2C ).
ELISA verification indicates that MCP-1 and EXTAXIN-1 may be used as indicators of PFEMF exposure.
To confirm the results from the Luminex assay, we subjected the same samples to ELISA detection. Treatments using the three PFEMF doses (0.1, 0.5, and 2.5 mT) led to a significant increase in the concentration of EOTAXIN-1. Generally, the serum concentrations of MCP-1 and EOTAXIN-1 from animals treated with 0.5 mT showed the highest increase at all time points relative to the control group. For the 2.5 mT treatment, only EOTAXIN-1 showed a statistically significant difference compared with the control group (Table III; Fig. 3 ). Table II . Levels of chemokines in response to PFEMF exposure were determined by the Luminex assay. Notably, the variation curves of EOTAXIN-1 concentration as detected by ELISA were approximately the same as those determined using Luminex technology.
Variable comparisons (P-values) Dose ------------------------------------------------------------
Discussion
In this study, to investigate the circulating chemokine indicators and eatablish a solid base for solving the increasing public concern regarding the potential health risks from PFEMF, mice were exposed to different doses (0, 0.1, 0.5, and 2.5 mT) of PFEMF for as long as 90 days. Among the 9 chemokines, EOTAXIN-1 and MCP-1 were constantly induced by 0.5 mT of PFEMF treatment and may serve as dose-specific PFEMF exposure indicators.
Our previous study utilized computer-based neurobehavioral evaluation methods to investigate the neurobehavioral influences on employees working with electric power systems and who thus were exposed to relatively strong PFEMFs (24) . This investigation demonstrated that no significant variation could be found among different age or seniority groups after short-or long-term exposure in response to strong PFEMF (24) . Considering the large differences within many variables observed in that study, we simplified the study in the present study by using a homogeneous mouse model to examine the influences of the electromagnetic field generated by PFEMF. Furthermore, to facilitate the reflection of normal human life circumstances and occupational environments, we selected the magnetic flux density of 0.1 mT to represent public exposure and 0.5 mT for occupational exposure, which are the levels adopted by the Chinese National Standards for Table III . Serum levels of Eotaxin-1 and MCP-1 in response to PFEMF exposure were determined by ELISA. the electricity industry and are also more stringent than those used in the current criteria of the International Commission on Non-Ionizing Radiation Protection (ICNIRP). In addition, the relatively higher dose of 2.5 mT was also included to represent unusually strong PFEMF exposure. These values allowed us to explore the variations in chemokine levels associated with cancer or inflammation and to begin to elucidate the indicators of exposure and associated disease to address current concerns regarding the effects of PFEMF in surrounding environments. In the present study, we did not observe any measurable difference in body weight between the control and treatment groups, which is in line with the findings of our previous study (24) and indicates that PFEMF is unlikely to cause apparent phenotypic differences in the exposed population.
Variable comparison (P-value) -------------------------------------------------------
Chemokines are secreted by cells in response to various types of in vivo and in vitro stimuli and have been shown to play important roles in carcinogenesis (14, 15, 19, 20, 25, 26) . Specifically, chronic inflammation, a well-known risk factor for cancer, is tightly associated with the dysregulation of chemokines, which can directly regulate tumor cell growth and migration. We found that certain chemokines exhibited differential responses to PFEMF exposure. Levels of some chemokines in the serum were not significantly changed following 3-month exposure, such as MCP-3, MIP-1α, MIP-1β, and MIP-2, whereas levels of others including IP-10, GROα, RANTES, EOTAXIN-1, and MCP-1 demonstrated significant changes upon treatment. Among them, we observed that IP-10, GROα, and RANTES were responsive to only one of the three dosages, whereas EOTAXIN-1 and MCP-1 were significantly increased by at least two doses of PFEMF treatment. Furthermore, we determined that MCP-1 was constantly induced following 0.5 mT exposure but not by 2.5 mT, although both doses also caused significant changes in EOTAXIN-1 levels.
MCP-1 (CCL2) can regulate the migration and infiltration of many leukocytes including T cells, natural killer cells, and monocytes, and has been shown to be induced and involved in various diseases, especially cancers (27, 28) . MCP-1 is a mediator of acute and chronic inflammation and can be secreted from the microenvironment to promote tumorigenesis and cancer progression (29, 30) . MCP-1 has also been demonstrated to be induced upon overnight exposure to 1 mT-50 Hz ELF-EMF treatment in human peripheral adherent mononuclear cells (31) . In contrast, results from other studies using cultured cell lines including HaCaT, SH-SY5Y, THP-1, and K562 cells suggested that the expression of MCP-1 was repressed or unaffected after similar treatments, possibly as a result of inhibition of the NF-κB pathway (32, 33) . However, the anti-inflammatory potency of EMFs detected in cell lines in vitro may not reflect the in vivo situation. The induction of MCP-1 by PFEMF in an animal model as illustrated by our work highlights the critical importance of using animal models for health-related investigations in this area.
EOTAXIN-1 (CCL11) is one of the CC family chemokines and is characterized by a pair of adjacent cysteine residues. EOTAXIN-1 serves as a potent chemoattractant for eosinophils and plays critical pro-inflammatory roles in phenomena such as eosinophilia, which is a prominent feature of several allergic conditions. EOTAXIN-1 promotes cell proliferation, invasion, and angiogenesis in ovarian cancer, prostate cancer, and Hodgkin's lymphoma, as demonstrated by the activation of the CCR3-ERK pathway or the upregulation of MMP-3 expression or CCR3 + endothelial cells (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) . In particular, as EOTAXIN-1 is highly induced upon carcinogenesis, the serum levels of EOTAXIN-1 can be used as a biomarker for an enhanced risk of gastric cancer and ovarian cancer and as a prognostic factor for the prediction of relapse-free survival (34, 37) . However, few reports to date have studied the relationship between EOTAXIN and PFEMF (38) . The induction of EOTAXIN-1 by PFEMF in an animal model as shown by our work therefore constitutes a novel finding that suggests a pro-inflammatory effect of PFEMF exposure.
The non-dose-dependent responses of chemokine is out of our expectation. This phenomenon may reflect the body has an unknown mechanism to respond to different electromagnetic field strength which is worth to further explore. We also noticed that some of the cytokines are fluctuated during PFEMF treatment and do not follow a linear augmenting pattern (Table II) . To our knowledge and understanding, our finding of MCP-1 and EOTAXIN-1 as stable dose-specific indicators is valuable and lays a solid foundation for establishing a systemic diagnostic procedure of PFEMF exposure. The induction of the two circulating chemokines, EOTAXIN-1 and MCP-1, upon PFEMF treatment strongly supports their potential application as indicators for exposure to PFEMF, which may be especially useful for convenient public health monitoring and thus contribute to the final goal of establishing a healthy living environment. Also, our study asked an open question, why MCP-1 and EOTAXIN-1 is responsive to 0.5 mT ELF-EMF exposure, but not the other doses? Any further mechanistic study for this question may have profound impact in clinical diagnosis. We note, however, that the exact concentrations of EOTAXIN-1 and MCP-1 as determined by the Luminex and ELISA assays differed somewhat, which may be due to the influences of differential sensitivity or detection limitations of the two techniques. Further, owing to the limited energy conveyed by power frequency, it is difficult to directly observe the potential pro-oncogenic role of PFEMF exposure in normal mice. Future studies using spontaneous tumor-forming animal models generated by knocking out tumor suppressors such as p53 will likely be required for validation of the potential pro-oncogenic role and mechanism of PFEMFs.
In the present study, we identified differentially responsive circulating chemokines following exposure to PFEMF using a mouse model. The novel finding of the induction of EOTAXIN-1 and MCP-1 during this process supports that these two chemokines could be used as circulating indicators for PFEMF exposure and highlights the potential pro-inflammatory nature of PFEMF, which deepens the current understanding of the biological effects of PFEMF exposure.
